We discuss recent experiments for the characterization of our femtosecond purerotational CARS facility for observation of Raman transients in N 2 and atmospheric air. The construction of a simplified femtosecond four-wave mixing system with only a single laser source is presented. Pure-rotational Raman transients reveal well-ordered time-domain recurrence peaks associated with the near-uniform spacing of rotational Raman peaks in the spectral domain. Long-time, 100-ps duration observations of the transient Raman polarization are presented, and the observed transients are compared to simulated results. Fourier transformation of the transients reveals two distinct sets of beat frequencies. Simulation results for temperatures from 300-700 K are used to illustrate the temperature sensitivity of the time-domain transients and their Fourier-transform counterparts. And strategies for diagnostics are briefly discussed. These results are being utilized to develop gas-phase measurement strategies for temperature and species concentration.
I. Introduction
oherent anti-Stokes Raman scattering (CARS) is a powerful diagnostic tool for gas-phase measurements of temperature, pressure and species in combustion, high-speed flows, and plasmas. Gas-phase CARS systems typically utilize high-energy lasers with nanosecond-duration pulses that operate at repetition rates of ~10-30 Hz, which is perhaps their biggest limitation because these rates are far too low for time resolution of events in turbulent flows. For single-shot CARS measurements, the majority of nanosecond CARS arrangements rely on Nd:YAGpumped broadband dye lasers for Stokes beam generation; mode amplitude and phase fluctuations from these dye lasers are the chief source of noise in single-shot measurements [1] . Recent work has focused on the development of practical CARS diagnostics utilizing femtosecond pulsed lasers [2] [3] [4] , which can overcome the "10-Hz barrier" and offer the potential for dramatically improved single-shot noise characteristics. Commercial femtosecond Ti:Sapphire amplifiers routinely operate at repetition rates of 1-10 kHz, so that the ultrafast approach offers the potential for single-shot measurements that will faithfully track turbulent fluctuations [3] . Additionally, femtosecond lasers may provide superior single-shot precision because the near-transform-limited ultrafast pulses allow for averaging over multiple pump/Stokes pairs within a broad spectral bandwidth without the high fluctuations in spectral amplitude and phase that plague broadband dye lasers. The wide bandwidth and uniform phase ultrafast pulses also provide highly efficient pump-Stokes driving of Raman coherences [4] so that high single-shot signal strengths are possible.
The femtosecond approach for practical CARS gas-phase thermal-fluid diagnostics is paradigm shifting because it requires monitoring of the Raman signal in the time domain, as opposed to the frequency (spectral) domain, as with nanosecond CARS. For femtosecond gas-phase thermometry using vibrational CARS of N 2 [2, 5] , the impulsively driven Raman polarization at short, 1-10 ps, time scales is monitored, and the increasing spread in Raman frequencies with temperature leads to increased dephasing rates that are highly temperature sensitive. This approach works well for combustion thermometry, with a precision of about ±50 K reported [6] . However, vibrational femtosecond CARS (fs-CARS) transients can be complicated by unwanted beat frequencies from combustion gases other than the target N 2 molecule, whose Raman frequencies are accessed by the broad bandwidth of the ultrafast lasers [7] , and vibrational CARS is well known to be less sensitive at temperatures below ~1000 K [8] .
Pure-rotational CARS has been demonstrated to be a sensitive low-temperature thermometer in the nanosecond regime [9, 10] and the same information should be accessible through transient time-domain information provided with fs-CARS techniques. Pure-rotational Raman transients for diatomic gases N 2 , O 2 , D 2 and H 2 have been reported using femtosecond Raman-induced polarization spectroscopy [11] [12] [13] and CARS/CSRS/four-wave mixing [14] [15] [16] . The rotational Raman coherences result in distinct peaks in the time domain, which arise from the nearly uniform frequency spacing between rotational Raman lines in the spectral domain. Tran et al. [17, 18] have demonstrated the potential of time-domain femtosecond rotational Raman for gas concentration measurements and temperature by fitting their polarization spectroscopy results to model calculations. Concentration data was determined by the relative strength of the rotational Raman recurrences, while temperature appears to be a function of their width. Hornung et al. [16] used femtosecond four-wave mixing to analyze the temperature sensitivity of H 2 rotational recurrences. We have reported our initial femtosecond rotational CARS/CSRS results for air and N 2 in a recent AIAA paper [19] and we provide updated results in this work. We present the construction of a simplified fs rotational Raman system, where only a single laser source is employed and where the spectrum and phase of our pulses is better characterized. Measured Raman transients are presented for room-temperature N 2 and air, and the data are compared to simulation results based upon expressions published by Hornung et al. [16] and Tran et al. [17, 18] . The validated simulation tool is then used to illustrate the temperature dependence of the rotational Raman signals in N 2 , and diagnostic strategies are discussed.
II. Experimental Hardware and Setup
A schematic of the optical system used for our pure-rotational fs-CARS measurements is shown in Fig. 1 . We have modified the setup reported in [19] by replacing the 675-nm probe laser beam with an 800-nm probe, such that all three laser beams in the coherent Raman process are now supplied by a single Ti:Sapphire laser source * . A "single-box" Ti:Sapphire amplifier (Spectra Physics Solstice) is utilized. Seed pulses from a mode-locked Ti:Sapphire oscillator operating at 800 nm are stretched to ~200 ps and regeneratively amplified in a Ti:Sapphire cavity. The regenerative amplifier is pumped by a 17-W Qswitched Nd:YLF laser at 527 nm and the resulting amplified laser pulses at 800 nm are grating compressed to 120 fs with an output pulse energy of 3.1 mJ at 1-kHz pulse repetition rate. The pulse energy delivered to the fourwave mixing experiment is significantly attenuated by 20% transmissive beam splitter and a half-waveplate/polarizer assembly. The 800-nm beam is split into three parts using two 50/50 femtosecond autocorrelating beam splitters (FABS), which are designed for minimal dispersion of the transmitted laser beams. Dielectric mirrors with coatings specifically designed for low dispersion at 800 nm are used throughout our system. Each of the three lasers beams is routed to a time-of-flight delay line and then relayed to a 500-mm focal length beam-crossing lens in a carefully phasematched folded BOXCARS [20] geometry. The beam-crossing lens provides a focused ~100 µm 1/e 2 diameter for the initially 8-mm Gaussian beams. The laser beam crossing is spatially aligned by passing each of the beams through a 100-µm diamond pinhole placed at the focus of the beam-crossing lens. Temporal alignment to the laser beams is obtained by * The use of frequency degenerate beams has led other researchers to refer to this approach as Degenerate Four-Wave Mixing (DFWM). We have elected to refer to the technique as CARS here because of the similarity of the approaches and the reliance on the third-order Raman nonlinearity. closely matching the beam path lengths and then performing fine adjustments to the delay stage positions until the appropriate sum-frequency signals for all beam combinations are generated in a BBO crystal placed at the beam crossing. The pump and Stokes beams remain temporally coincident to prepare both Stokes and anti-Stokes rotational Raman coherences at frequencies within their bandwidth, as shown in the energy level diagram of Fig. 2 . The third, or "probe," laser beam is mechanically scanned in 50-fs increments to interrogate the time evolution of the induced rotational coherences. The resulting rotational Raman signal is separated from the nearly frequencydegenerate preparation and probe laser beams using three tightly controlled apertures and the signal focused in its entirety onto an amplified silicon photodiode. The detector output is sent to a BOXCAR integrator, where it is averaged with a time constant of 300 ms (300 laser shots), with the resulting gated and integrated signal recorded using PC-based data acquisition.
Overlap of the pump/Stokes preparation pulses was achieved to better than 20 fs by scanning the pump delay relative to the Stokes beam arrival with the probe beam delay fixed at ~8.2 ps, where a strong resonant Raman signal from both N 2 and O 2 is observed. This process effectively autocorrelates the preparation pulses using the Raman nonlinearity and the overlap is optimized by adjusting the pump/Stokes delay to achieve the peak autocorrelation signal. All laser beams are linearly and parallel polarized. The spectrum, phase and pulse length of all three beams are checked by a commercial single-shot GRENOUILLE † device [21] and optimization to compensate for dispersion in the optical system is achieved by adding a small amount of linear chirp via adjustment of the Solstice pulse compressor. 
III. Results and Discussion
The rotational Raman transient for room-temperature N 2 is plotted in Fig. 3 , with the long-time 100-ps duration scan shown in the upper part of the Figure, and subset of the data for 10-30 ps probe delays shown in the lower plot to illustrate the finer details of the transient. Modeling results are shown alongside the experimental data in Fig. 3 . The intensity of the CARS/CSRS four-wave mixing signal (ignoring the large nonresonant signal at zero probe delay) is given by ( ) ( ) ( )dt where P R is the induced third-order Raman polarization, and I pr is the probe laser pulse intensity profile centered at delay τ. The Raman-resonant polarization is modeled as,
where E p and E s are the pump and Stokes electric fields, respectively, and χ is the rotational Raman response function, which is modeled as suggested by Lavorel et al. [13] , Hornung et al. [16] , and Tran et al. [17, 18] 
In Eq. 3, the sum over k is taken over all rotationally resonant species (N 2 and O 2 here), J and J ′ are the initial and final states coupled by the Raman transitions; ω JJ' are the Raman frequencies taken from the Sandia CARSFT code 
and ( ) ( )( ) We neglect any nonuniformity in the pump-Stokes driving of low-and high-J rotational levels resulting from finite laser bandwidth in these initial calculations.
Following the largely nonresonant peak at zero probe delay (not emphasized in Fig. 3 ), the resonant rotational Raman signal decays rapidly, and has reached zero by 300 fs delay. This rapid decay is a result of the sum of the exp(-iω JJ' t) terms in Eq. 3, where the terms interfere destructively as a result of the wide ~200 cm -1 spread in the ω JJ' . The initial decay of the rotational transient in N 2 is much more rapid than the vibrational CARS signatures presented in ref. [2] because the N 2 Q-branch spectral width at room temperature is only ~20 cm -1 . On picosecond time scales, the Raman modes periodically come back into phase, or "rephase," as a result of the approximately uniform ~4B e spacing between the ω JJ' , and the signature periodically alternates between low-and high-intensity peaks. The results in Fig. 3 exhibit low-intensity peaks at t ≈ (2n+1)/8c o B for n = 0, 1, 2… and high-intensity peaks at t ≈ n/4c o B for n = 1, 2, 3…., where c o is the vacuum speed of light and B is the molecular rotational constant. Analysis of the behavior of Eq. 3 reveals that the strength of the low-intensity peaks is a result of the relative difference in the nuclear-spin statistical weights for odd and even J. For heteronuclear diatomics, such as CO, with no spin statistical weighting, the odd-and even-J terms should cancel at every other node with only high-intensity peaks appearing; O 2 with zero spin weighting for even J exhibits very strong secondary time-domain features.
The model result shown in Fig, 3 does well in predicting the detailed structure the measured transient. The longtime decay was accurately captured using an average value for Γ JJ' , computed by fitting the measured time-domain amplitudes of the high-intensity peaks to an exponential time-decay curve. Using this procedure, a characteristic collisional decay time of 90 ps is obtained. A more detailed glimpse of the structure of the transients is presented in Fig. 3b , where a 10-30 ps subset of the full sequence is plotted. At these early times, the value of Γ JJ' used does not have a significant impact on the modeled results. The model performs very well in predicting the experimental result and the results are extended to a multi-component gas mixture by fitting the measured transient for room-temperature air, with experiment and theory compared in Fig. 4 . The level of agreement observed between our measurements and the model validates the simulation for use in planning diagnostic strategies for temperature and species mole fraction. Nevertheless, improved agreement between model and experiment could be obtained with inclusion of several new model features including the effect of finite laser bandwidth, which preferentially pumps lower J transitions, and the effect of real laser pulses which depart from Gaussian, transform-limited behavior.
It is interesting to observe the frequency content of the measured rotational Raman signal by performing a fast Fourier transform on the 100-ps transient of the experimental data of Fig.  3 . The frequency spectrum of the measured N 2 Raman transient is shown in Fig. 5 . The spectrum contains two different sets of quantum beats. The first sequence appears in an amplitude envelope from approximately 0 to 100 cm -1 , with the first peak at ~8 cm -1 and successive peaks separated with a mean spacing of 7.94 cm -1 which is ~4B e . This sequence represents beats of Stokes/Stokes and anti-Stokes/anti-Stokes Raman modes against each other. The second sequence is of weaker amplitude, has the same ~4B e line spacing as the first, and appears in an intensity envelope from approximately 80 to 200 cm -1 . This second sequence at higher frequencies represents the beating of Stokes against the anti-Stokes frequencies. This assertion is verified when either one of the ∆J = ±2 terms are omitted from the sum in Eq. 3, which results in the disappearance of the second sequence from the spectrum of the simulated transient.
The temperature sensitivity of the transient rotational Raman polarization was investigated using simulation results for N 2 at temperatures from 300 to 700 K. Simulated transients are shown in 20-ps increments in Fig. 6 . The amplitudes of all the recurrence peaks are normalized at each temperature to the value of the large peak near 4.2 ps. At early times, the time-domain peaks become slightly narrower with increasing temperatures because the spectral bandwidth of thermally populated rotational levels that contribute to the transient increases. Sharper, more welldefined peaks are observed at early times as well. Higher order effects, such as centrifugal stretching, which perturb the uniform frequency spacing between the Raman lines do not impact the efficiency of the rotational rephasing until roughly 40 ps, after which the recurrences are more significantly weakened in peak amplitude and broader in duration as the temperature increases. A closer look at early-and late-time behavior is provided in Fig. 7 , where individual recurrence peaks near 4.2 and 71.4 ps are shown in clear detail. The temperature dependence of the Fourier transform spectra of the simulated transients is shown in Fig. 8 for T = 300 -900 K. The spectra are quite sensitive to temperature, with the contribution of the Stokes/anti-Stokes quantum beats at high frequencies becoming significantly diminished relative to the lower frequency Stokes/Stokes and anti-Stokes/anti-Stokes beats. Based on these initial results, the pure-rotational approach to fs-CARS for gas-phase temperature and species diagnostics may complement the vibrational fs-CARS approach outlined in refs [2] [3] [4] in several ways. When referenced to the largely nonresonant CARS signal at t = 0, the Raman-resonant features appear to be larger on picosecond time scales than for vibrational CARS at similar temperatures. These larger resonant signals not only permit better signal-to-noise detection, but will allow for longer probe time delays in single-shot measurements [3] that can completely eliminate the nonresonant background if desired. Temporal separation of the rotational Raman features for different species is also achieved, which could enable more straightforward mole-fraction measurements than with vibrational fs-CARS, where more complex polarization beating effects are observed [7] . Temperature sensitivity can be obtained by direct time-domain fitting of a limited number of recurrence peaks, especially at longer probe delays where the shape of the transients in the time domain appears to be more sensitive to temperature. A chirped probe beam approach like the one presented by Roy et al. [3] may be amenable if only a small number of recurrence peaks are used. Fitting of the Fourier transform spectra may provide even more obvious temperature sensitivity, but would require much more time-consuming 100-200 ps probe delay scans to obtain highquality spectra. Finally, the pure-rotational approach to fs-CARS should be more sensitive than vibrational CARS at lower temperatures, although this still needs to be confirmed with further measurements in the femtosecond domain.
We have acquired several 100-ps-long probe delay scans in tube-furnace heated air and are presently analyzing the results.
IV. Summary and Conclusions
We have observed the time-dependent decay of pure-rotational Raman coherences in N 2 and air using femtosecond CARS/CSRS. Our setup has recently been modified with much improved laser pulse characterization and uses only a single laser source. The decays were monitored at room temperature over a 100-ps probe delay window and the observed transient was successfully modeled. Results from this validated model were used to simulate transients in N 2 for temperatures between 300 and 700 K. The approach appears to offer good potential for mole-fraction measurements in simple gas mixtures or flames due to the distinct time-domain separation of the recurrence peaks for different species, an approach which has already been demonstrated by Tran et al. [17] . The temperature sensitivity of the modeled recurrence peaks appears to be best at long probe delays, where the impact of higher order corrections to the rotational Raman frequencies provides increased temperature-dependent structure to the recurrence peaks. Fourier transform spectra of the time-domain Raman transients reveals two distinct sets of quantum beats: near-neighbor Stokes/Stokes and anti-Stokes/anti-Stokes beating appears at low frequencies, with weaker far-neighbor Stokes/anti-Stokes beating appearing at high frequencies. These transformed frequency domain spectra are observed to be quite sensitive to temperature. Potential strategies for a temperature diagnostic include long-time mechanically scanned probe experiments to yield high quality Fourier transform spectra and shorter scanned or chirped probe measurements over a small number of recurrence peaks, especially at long probe delays. The rotational CARS approach, when focusing on a limited number of recurrence peaks, could be amenable for single-shot measurements using an approach similar to the one outline in ref. [3] .
